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ABSTRACT We have examined statistical relationships between the amplitudes and the kinetics (rise times, fall times, and
decay constants) of cytosolic free calcium fluctuations (spikes) in a population of 353 individual GH4C1 rat pituitary cells. The
fast falling phase was approximated by a single exponential decay, and the decay time constant, T, increased linearly with spike
amplitude in 80% of the cells studied. The slope of the T versus amplitude plot for each cell was inversely related to the cell's
mean spike amplitude. Thus, some process responsible for prolonging the decay phase of spikes appeared to operate strongly
in cells with spikes of low amplitude, but to become less prominent in cells with high amplitude spikes. Mean T correlated more
strongly with mean rise and fall times than with mean spike amplitude, indicating that the kinetic properties of spikes were not
tightly coupled to spike amplitude. These findings are consistent with a model wherein the rise phase corresponds to entry of
extracellular calcium via L-type calcium channels into localized sub-plasmalemmal domains, followed by diffusion of sub-
plasmalemmal calcium into the cell interior; and the falling phase corresponds to further calcium diffusion combined with
activation of cytoplasmic calcium-induced calcium release, which prolongs the falling phase.
INTRODUCTION
Calcium ions are important in the regulation of a wide variety
of cellular metabolic functions, and cytosolic free calcium
concentrations are therefore tightly regulated (Stojilkovic
and Catt, 1992; Berridge, 1993). GH4C1 cells are a clonal
strain of rat pituitary somatolactotrophs (Tashjian et al.,
1968) in which calcium is known to regulate prolactin se-
cretion (Ostlund et al., 1978; Pachter et al., 1988) and syn-
thesis (White et al., 1981). GH4C1 cells are excitable
(Taraskevich and Douglas, 1980), containing voltage-gated
calcium channels which undergo both spontaneous and in-
ducible (Ozawa and Kimura, 1979; Taraskevich and Dou-
glas, 1980) action potentials mediated by calcium currents.
These cells also display spontaneous fluctuations or spikes
(Wagner et al., 1993) in [Ca2]i, and the occurrence of cal-
cium action potentials has been shown to coincide with the
initiation of these [Ca2]i fluctuations (Chiavaroli et al.,
1992). The spontaneous calcium spikes are asymmetric, hav-
ing rising phases which last -0.5 s, and falling phases with
mean duration of 1.7 s (K. Brady, unpublished observations).
By comparison, the total duration of calcium action poten-
tials is most often less than 200 ms (Simasko, 1991). The
kinetic differences between these two events suggests that,
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although calcium fluctuations may be initiated by action po-
tentials, other processes must contribute to the relatively long
lifetime of the calcium fluctuations.
Our laboratory recently reported the use of the calcium
indicator dye Fluo-3 (Tsien, 1989) and an interactive laser
cytometer to observe calcium spikes in GH4C1 cells with
excellent temporal resolution and signal/noise ratio (Wagner
et al., 1993). The quality of these measurements was suffi-
ciently high to allow the application of statistical methods to
probe kinetic properties of the calcium spikes and to examine
the manner in which spike kinetics are related to spike am-
plitude. We have developed a computer program, CaScan
(Brady et al., manuscript in preparation), which utilizes an
automated event recognition algorithm to facilitate the sta-
tistical study of calcium spike profiles. In this report, we
present evidence that the durations of the rising and falling
phases of calcium spikes are determined both by calcium
diffusion and by involvement of a positive feedback mecha-
nism, probably calcium-induced calcium release (CICR),
which amplifies the spike magnitude and prolongs the falling
phase.
MATERIALS AND METHODS
Measurement of Fluo-3 fluorescence in individual
GH4C1 cells
GH4C, cell culture (Tashjian, 1979) and preparation of cells for fluorescence
measurements were performed as described previously (Wagner et al.,
1993). Briefly, 48 h before an experiment, cells were plated on glass cov-
erslips coated with Cell-Tak (Collaborative Research, Bedford, MA). On the
day of an experiment, cells were rinsed with Hanks' balanced salt solution
(HBSS; 118.0 mM NaCl, 4.6 mM KCl, 1.0 mM CaCl2, 10 mM D-glucose,
20 mM HEPES, pH 7.40) and loaded with 9 ,M Fluo-3 AM (Molecular
Probes, Eugene, OR) in HBSS containing 0.04% Pluronic F-127 (Molecular
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Probes) for 45 min at ambient temperature. Cells were then rinsed with
HBSS and maintained in HBSS until use.
Measurement of [Ca2]1i was performed using an ACAS 570 interactive
laser cytometer (Meridian Instruments, Okemos, MI) in the line-scan mode
as described previously (Wagner et al., 1993). Briefly, the 488-nm emission
of an argon laser was used to excite the calcium-sensitive dye Fluo-3. Fluo-
rescence emission was passed through a 515-nm long-pass filter and moni-
tored using a photomultiplier tube. The computer-controlled microscope
stage was moved linearly in 0.6-pum steps so that the laser traced a line across
the cell. At each step, 8 fluorescence values were averaged and recorded.
The cell average relative fluorescence value at each time point was calcu-
lated as the integral of the average of all fluorescence measurements re-
corded across the cell divided by the length of the scan. A single scan across
a cell required approximately 17 ms, and 0.2 s was required to reset the
microscope stage. Fluorescence scans were therefore repeated at 0.3-s
intervals.
Population selection
Fluorescence records from 540 individual cells were examined using the
program CaScan (Brady et al., manuscript in preparation). Cells demon-
strating at least 10 spikes in the absence of any drug treatment were in-
cluded in the study (353 cells). The mean signal/noise ratio of cell
records in this subpopulation was 8.7. Unless otherwise stated, all data
and statistics represent properties of cell calcium profiles in the absence
of drug treatment.
Normalization procedure and relationship of
normalized fluorescence to [Ca2+]J
Background fluorescence was recorded from the coverslip area adjacent to
each cell and subtracted from each point in the cell's fluorescence record.
All fluorescence records were normalized such that the mean fluores-
cence value before any drug treatment was set equal to 1.0 normalized
relative fluorescence unit (nrfu). Since no cellular autofluorescence was
observed in the Fluo-3 emission wavelength region, and since factors
causing calcium-independent variation in fluorescence magnitude (e.g.,
amount of Fluo-3 loaded and cell morphology) affected mean fluores-
cence proportionately, normalization should, on average, remove contri-
butions of such factors to the fluorescence records. Because the baseline
[Ca2]J varies from cell to cell, it was not possible to evaluate absolute
[Ca2+]i in the individual cells. It was possible, however, to correlate the
mean fluorescence observed in a large population of cells with the mean
[Ca2+]i measured by an alternative technique. Mean baseline [Ca21]i was
measured in populations of GH4C, cells loaded with the dye Fura-2 as de-
scribed previously (Tornquist and Tashjian, 1989). Eleven independent
measurements yielded a basal [Ca2+]i of 180 ± 100 nM (mean ± SD).
Defining Fmax as the maximal fluorescence signal observable if [Ca21]
for the population is much greater than Kd of the dye, then
F = Fma,(Kd + [Ca]i,,ea) (1
max [Ca]imean
where [Ca]i mean is the mean cytosolic free calcium concentration in a popu-
lation of cells, Kd is the dissociation constant of Fluo-3 (450 nM; Tsien,
1989), and Fmean is the mean fluorescence value in a population of cells.
Note: Eq. 1 is a rearranged version of the binding hyperbola
Fm.. Fm. [Ca]imeanFmean = FmKd + [Ca]imcan
Spike baseline can then be expressed in terms of [Ca2+]i:
[Ca]ba Fb. -Kd (2)
m~ax basc
where Fba. is the population mean spike baseline fluorescence. Spike am-
plitude, which is defined as the magnitude of change in fluorescence above
the spike baseline (Fp, - Fb..9 or AF), can be expressed as a change in[ca2+,i
(A]F,,(F + FigAIICa] - (A+ d) [Calba.Fm.. - (AF + Fb.) (3)
Composite spike profiles and calculation of
average spike profiles
Spikes were identified using the program CaScan, and spike-recognition
criteria were developed as described (Brady et al., manuscript in prepara-
tion). Composite spike plots were prepared by subtracting the spike baseline
from the fluorescence values of all data points in the spike (thereby moving
all spikes to a common baseline of 0) and plotting the spikes on a common
time axis such that all spike maxima occurred at t = 0. Average spike
profiles were calculated from the arithmetic mean fluorescence values of all
spikes at each time point; after termination of the record of each spike, the
final observed fluorescence value for that spike was used for calculation of
subsequent average fluorescence for the population of spikes. The time
derivative of an average spike profile was calculated as:
AZFA Ft, -Ft
At t t+- t
where Ft is the fluorescence value at time t, and t, is the next sample time
(i.e., t+ = t + 0.3 s).
Statistical methods
Non-linear regression analyses were performed using the curve-fitting func-
tions of Sigmaplot (Jandel Scientific, Corte Madera, CA), which are based
on the Levenberg-Marquardt algorithm. Linear regressions were performed
by standard methods. To estimate the significance of correlations, the t
statistic was calculated from the correlation coefficient (R2) and the number
of data points (n):
R2(n - 2)
p values corresponding to t and n were then obtained from a two-tailed
t-distribution table (Croxton, 1953).
RESULTS AND DISCUSSION
Spike decay is approximated by a biphasic
exponential decay model
Fig. 1 (top, inset) shows a portion of a cell fluorescence
record containing numerous spikes. Although the decay of
many of these spikes was interrupted by the onset of another
spike, spikes which were not interrupted could be used to
examine the nature of the decay process. The spike marked
by an asterisk was replotted on an expanded time scale
(Fig. 1, top). Relative fluorescence was measured every 0.3
s, and each point on the expanded plot corresponds to one
measurement. The measurements were fitted to a biphasic
exponential decay model:
F(t) = Fo + F1 exp-IT + F2 exptTslow (4)
where Fo represents the baseline fluorescence, F1 represents
the magnitude of a rapidly decaying (time constant T) fluo-
rescence component, and F2 is the magnitude of a slowly
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FIGURE 1 Spike decay is described by a biphasic exponential. (Top, inset) Portion of a cell fluorescence record showing numerous calcium spikes. The
falling phase of the spike marked by * was replotted on a magnified time scale (top). The solid curve represents the best fit by non-linear regression to
Eq. 4, using parameters FO = 0.50 nrfu, F1 = 0.91 nrfu, T = 0.64 s, F2 = 0.52 nrfu, and rsl,, = 0-033 s. (Middle, left) Portion of a cell fluorescence record
showing spikes that lack the slow phase of decay. (Middle, right) Portion of a cell fluorescence record showing spikes that lack the fast phase of decay.
(Bottom) Cell fluorescence record showing spikes superimposed on the slow decay of a large calcium transient generated by treatment with 100 nM TRH
at t = 0 (vertical line marked TRH).
decaying (time constant Ts,.,) fluorescence component. The
function accurately models the decay of this particular spike,
identifying distinct rapid and slow processes with time con-
stants of 0.64 s-' (tl2 = 1.1 s) and 0.033 s-' (tl2 = 21 s),
respectively. The magnitude of the rapid phase was nearly
twice as large as that of the slow phase.
We frequently found that the slow phase of decay was less
apparent than that shown in Fig. 1 (top), i.e., that spikes
returned quickly to baseline. One such example is shown in
Fig. 1 (middle, left). Rarely, the fast phase of decay was
absent or diminutive, as shown in Fig. 1 (middle, right). As
demonstrated below, the goodness of fit to an exponential
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model shown in Fig. 1 (top) was not universally observed;
a simple exponential decay model often approximated but
did not exactly describe the fast phase of decay.
The kinetics of spike decay suggest the existence of at least
two calcium removal processes which have time constants
that can differ by as much as 20-fold. Further insight into
these processes was gained by examining spikes superim-
posed on the slow calcium removal induced after treatment
of cells with thyrotropin-releasing hormone (TRH). Fig. 1
(bottom) shows a fluorescence record from a cell treated at
t = 0 with TRH, which caused release of calcium from
inositol-1,4,5-trisphosphate (Ins(1,4,5)P3)-sensitive intracel-
lular stores into the cytosol (Albert and Tashjian, 1984; Lu-
cas et al., 1985). [Ca2+]i was maximal within 10 s of TRH
addition and then slowly returned to the initial baseline level.
Spikes superimposed on this slow decay of [Ca21]i were of
similar appearance and kinetics to spikes occurring after
[Ca2+] returned to the initial baseline level. In addition, nu-
merous spikes occurring within a short time period (e.g.,
between t = 120 and 160 s) caused the slowly decaying
fluorescence to become elevated. Both fast and slow pro-
cesses were therefore observed to occur simultaneously and
independently.
Observation of rapid spikes superimposed on top of a
slowly decaying signal stimulated, for example, by treatment
with TRH, may indicate the presence of two compartments
of calcium which are in communication. The slower time
constant of the target "pool" for TRH suggests that this pool
is of relatively high capacity (i.e., physically larger and/or
more strongly buffered). In contrast, the lower-capacity pool
is susceptible to rapid transients, the decay ofwhich may lead
to a small increase in the fluorescence of the larger pool. In
Fig. 1 (bottom), this small increase (between t = 120 and
160 s) was cumulative when numerous rapid spikes occurred
in succession. Thus, in this cell, the smaller pool apparently
adjoined and emptied into the larger pool; in other cells, the
relative pool capacities and the state of the barrier separating
the pools may have differed, leading to the variable patterns
shown in Fig. 1 (middle). Since the rapid calcium transients
have been correlated with the occurrence of calcium action
potentials (Schlegel et al., 1987), the smaller "pool" is likely
to be located near to the plasma membrane. The larger pool
may be located more interior to the cell, where it would
remain accessible to a rapidly diffusing messenger such as
Ins(1,4,5)P3 (Allbritton et al., 1992).
Calcium removal mechanisms that could account for the
decay of fast calcium spikes include calcium diffusion and
rapid sequestration by cytosolic calcium buffers (Allbritton
et al., 1992), uptake or efflux by calcium pumps (Petersen
et al., 1993), and extrusion by sodium/calcium exchangers.
The fast phase of spike decay was not slowed when so-
dium was replaced by choline in the extracellular buffer
(K. Wagner, unpublished observations), indicating that
sodium/calcium exchange was not a major factor in the
rapid decay process. The fast decay phase was not affected
by thapsigargin, an inhibitor of intracellular Ca2+-ATPases
that are responsible for refilling Ins(1,4,5)P3-sensitive cal-
cium stores in GH4C1 cells (Law et al., 1990; Tanaka and
Tashjian, 1993). A thapsigargin-insensitive calcium pool is
proposed to be an important regulator of [Ca2+]i in these
cells, and thapsigargin-insensitive plasma membrane cal-
cium ATPases could rapidly pump calcium into the extra-
cellular buffer. The action of calcium pumps is unlikely to
account entirely for the fast decay of spikes, however,
since the independence of the fast and slow processes (Fig.
1, bottom) suggests that they act on functionally distinct
calcium pools and that some fraction of the rapidly re-
moved calcium is convertible to the slowly removed form.
A rapid decay process involving diffusion of calcium, pro-
posed to account for the time course of calcium spikes in
pancreatic (3-cells (Sherman et al., 1990; Rorsman et al.,
1992), could also account for our findings. Calcium entering
the cell via opening of calcium channels during an action
potential could cause a transient localized increase in [Ca21]i,
saturating all available Fluo-3 within a discrete sub-
plasmalemmal domain. Calcium would then diffuse (All-
britton et al., 1992) into the general cytosol, becoming di-
luted as the domain expanded, but also encountering more
Fluo-3 with which it could combine to generate a fluores-
cence signal. There would thus occur a lag between the initial
influx event and the occurrence of a maximal fluorescence
signal, the duration of which would depend on the diffusion
properties of the cytosol. Calcium would continue to diffuse
until it was homogeneously distributed throughout the cy-
tosol, from which it would be removed by slower pump or
exchange mechanisms. Thus, both the rise and decay phases
of calcium spikes could be affected by the calcium diffusion
characteristics of any given cell. It was important, therefore,
to examine closely factors affecting the kinetics of the rising
and rapid falling phases of calcium spikes.
x increases directly with spike amplitude
In Fig. 2 (top), 102 spikes recorded from a single cell were
replotted such that spike maxima were aligned at t = 0. The
group of spikes with normalized amplitudes <1.2 nrfu oc-
curred spontaneously, while the spikes of amplitude >1.2
nrfu occurred after treatment of the cell with Bay K 8644, a
voltage-gated calcium channel agonist (Schramm et al.,
1983). The thick line represents the mean profile obtained by
averaging the fluorescence values of all spikes at each time
point. Strikingly, the profiles of the falling phases of the
spikes were parallel, i.e., they did not converge with time. v
for each peak was estimated by linearizing the falling phase
of each spike and performing linear regression analysis:
t
Ln(F) = Ln(Fpeak) - (5
v was found to increase with spike amplitude over a wide
amplitude range (Fig. 2, bottom). Notably, vwas not constant
(i.e., spikes of greater magnitude decayed more slowly than
spikes of lesser magnitude) for spikes occurring either before
or after Bay K treatment. Further, whereas spikes simulated
using a simple exponential decay model and a constant v of
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FIGURE 2 The rapid spike decay time constant, T, increases with spike
amplitude. (Top) Composite plot of all spikes in a record from an individual
cell before and after treatment with Bay K 8644. Spikes of amplitude <1.2
nrfu occurred before Bay K treatment, while spikes of amplitude >1.2 nrfu
were stimulated by the calcium channel agonist. The thick line represents
the average spike profile, which was obtained by averaging the fluorescence
of all spikes at each time point. (Inset) Simulated profiles of spikes using
a single exponential decay model and constant T = 2.0 s (see text). (Bottom)
Eq. 5 was used to linearize the falling phase of the spikes in the major upper
panel, and linear regression analysis was used to estimate T for each spike.
The straight line, representing the least squares best fit, has a slope of 0.78
s/nrfu and a correlation coefficient R2 of 0.95.
2.0 s converged at longer times (Fig. 2, top, inset), the ex-
perimental spikes did not converge, due to the positive cor-
relation of T with spike amplitude. Therefore, higher ampli-
tude spikes had relatively prolonged decay phases. While use
of Bay K-treated cells demonstrated that this phenomenon
occurred over a wide range of spike amplitudes, the positive
correlation between T and spike amplitude was observed in
>80% of the untreated cells in this study (see Figs. 3 and 5).
It has been proposed that calcium-induced calcium release
(CICR) accounts for some fraction of the total calcium com-
prising these calcium spikes (Wagner et al., 1993). The in-
volvement of CICR is consistent with a positive correlation
between X and spike amplitude; greater peak [Ca2+]i should
induce further calcium release and thereby sustain the spike
decay phase. For each cell the slope of the v versus spike
amplitude plot (Fig. 2, bottom) would then be a measure of
the degree of involvement of CICR in the calcium spikes of
that cell.
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FIGURE 3 Dependence of v on spike amplitude is inversely related to
mean spike amplitude. For each of 353 untreated cells, - versus spike am-
plitude plots were generated (see Fig. 2, bottom), and linear regression
analysis was used to evaluate the slope, correlation coefficient, and p value
for the relationship. (Top) Correlation coefficients ranged from 0 to 0.96;
the mean was 0.60. (Middle) p values indicated a high probability of sig-
nificance (p < 0.05) for 80% of the regressions. (Bottom) The slope of the
X versus amplitude plots varied inversely with the mean spike amplitude.
Alternatively, a positive correlation between X and spike
amplitude could occur if a calcium uptake or efflux mecha-
nism (e.g., a calcium ATPase) became saturated at high
[Ca21]i. Spikes of higher amplitude would be broadened by
an increasing inability of the cell to remove calcium rapidly.
The validity of this hypothesis was evaluated by examining
the relationships among T, spike amplitude, and mean spike
amplitude in a large number of individual cells.
The x versus spike amplitude slope varies
inversely with mean spike amplitude
We used Eq. 5 and linear regression analysis to examine the
correlation between v and spike amplitude in 353 untreated
cells (Fig. 3). The quality of the regression analyses is in-
dicated in the top and middle panels. The correlation coef-
ficient of the regression line varied from 0 to 0.96, with a
mean value of 0.60. The t-test indicated that the correlations
were, in general, highly significant withp < 0.01 for 80% of
1701Brady et al.
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the cells. In Fig. 3 (bottom) the slope of each cell's X versus
amplitude plot (as defined in Fig. 2, bottom) was plotted as
a function of the cell's mean spike amplitude, and a striking
inverse relationship was found. This relationship was not
strict, however. Among cells of low mean spike amplitude,
the dependence of T on spike amplitude was found to vary
over a wide range, from weak to strong; among cells with
large mean spike amplitude, this dependence was always
relatively weak.
The results shown in Fig. 3 are not consistent with the
hypothesis that the positive correlation between T and spike
amplitude (Fig. 2, bottom) occurred due to saturation of a
calcium removal mechanism, because that hypothesis pre-
dicts that the strength of the correlation should increase at
high mean spike amplitudes. In contrast, Fig. 3 (bottom)
clearly demonstrates a decrease at high mean spike ampli-
tudes. We therefore propose that the reciprocal relationship
between the X versus amplitude slope and the mean spike
amplitude may be related to the involvement of CICR, as
follows. It has been proposed (Wagner et al., 1993) that
CICR requires both calcium influx through L-type calcium
channels and a responsive CICR-related calcium store. Cells
that have active CICR and small or modest spike amplitudes
are therefore likely to exhibit a strong dependence of T on
spike amplitude. At higher [Ca2+]j, however, the contribution
of CICR is expected to diminish, due either to emptying of
the CICR store during a high-amplitude event, or to satu-
ration of calcium binding sites involved in triggering the
CICR response. Cells with depleted or inactive CICR stores
should show a weak dependence of X on spike amplitude
irrespective of the mean amplitude.
Mean spike rise and fall times correlate strongly
with X and weakly with mean spike amplitude
If calcium diffusion has a significant role in determining the
kinetics of the calcium spikes, then the diffusion properties
of cytosolic calcium would be expected to affect the dura-
tions of both the rising and falling phases of spikes. We
therefore examined in a population of353 individual cells the
correlations of the mean spike rise-time and fall-time with
each other, with mean T, and with mean spike amplitude.
Correlation coefficients and estimated significance levels are
reported in Table 1. Both mean rise time and mean fall time
correlated better with T than with mean spike amplitude. Fur-
thermore, mean rise time correlated better with mean fall
time than with mean spike amplitude. These results suggest
that there was some factor(s) that influenced the kinetic prop-
erties of spikes (i.e., rise time, fall time, and T) independently
of the spike amplitude. CICR could contribute significantly
to the kinetics of both rising and falling phases of the spikes,
but it should then contribute significantly to the amplitude.
Alternatively, if diffusion were responsible for the lag be-
tween transient calcium influx and generation of a maximal
fluorescence signal, then both phases of a spike should be
affected independently of amplitude. Thus, the durations of
TABLE 1 Correlation coefficients relating mean spike rise
time, fall time, x, and amplitude in a population of 353
individual GH4CA cells*
Correlation coefficient with
Measurement X Amplitude Fall time
Rise time 0.48t 0.10 0.40*
Fall time 0.84* 0.48*
* Mean values of spike rise time, fall time, T, and amplitude in individual
cells were plotted pairwise and analyzed by linear regression analysis. The
table reports correlation coefficients and estimated statistical significance of
the correlation for each pair of spike parameters.
t p < 0.001.
likely to be influenced by the cell's cytosolic calcium dif-
fusion properties. Thus, the mean value of X for any particular
cell could be influenced by at least two factors: cytosolic
calcium diffusion and the degree of involvement of CICR in
calcium spikes.
Spike amplitudes and X are log-normally
distributed
Fig. 4 (top) shows the distribution of spike amplitudes among
a population of 353 untreated cells. The distribution was
log-normal, with a mean amplitude of 0.45 nrfu (i.e., 0.45
times the mean cell fluorescence), and a 2.15-fold standard
deviation. By equating the mean fluorescence of this popu-
lation of single cells with the mean basal [Ca21]i of large
populations of GH4C1 cells (see Materials and Methods), the
mean spike amplitude was estimated (Eq. 3) to be 141 nM.
The mean spike maximum (net [Ca2+]i at the top of spikes)
was estimated to be 306 nM, which is significantly less than
the 606 nM previously reported (Schlegel et al., 1987). We
attribute this difference to our inclusion of weakly spiking
cells, which were likely excluded from studies based on
many fewer cells (Schlegel et al., 1987). The distribution of
T (Fig. 4, bottom) was also log-normal, with a mean of 0.78
s and a 1.73-fold standard deviation. Since log-normal dis-
tributions arise when deviations from the mean accumulate
multiplicatively (c.f. normal distributions arise when devia-
tions accumulate additively) we postulate that the spikes may
arise from a process involving positive feedback, such that
an initial event may be amplified. The fold-amplification
may then vary with the event size and other complex vari-
ables determining the responsiveness of a given cell. Con-
currently or alternatively, a calcium sensor involved in spike
generation might respond not to [Ca2+]i directly, but to the
logarithm of [Ca21]i. An example of such a sensor is the
Ins(1,4,5)P3 receptor, of which the channel-opening prob-
ability has the form of a smooth bell-shaped curve when
plotted as a function of Log([Ca]) (Bezprozvanny et al.,
1991).
Fig. 4 (middle) shows the distributions of spike amplitudes
in four individual GH4CX cells. The amplitude range of spikes
in any single cell was only a fraction of the entire range
both the rising and falling phases of spikes in a given cell are observed in the population. Similarly, spike fall times in
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the time of the true spike maximum occurred within a win-
dow of ± 0.3 s around the apparent spike maximum. Third,
flattening could result from CICR, as discussed above, or
from delayed onset of an elimination mechanism that con-
tributes to the decay phase of spikes.
Several lines of evidence suggest that spike flattening was
due neither to dye saturation nor to experimental artifact.
First, the distribution of spike amplitudes in the population
of single cells (Fig. 4, top) indicated that the mean spike
maximum represented a [Ca2+]i of 306 nM, which is insuf-
ficient to saturate Fluo-3 (Kd = 450 nM). Second, if dye
saturation were the primary cause of spike flattening in any
given cell, then the degree of flattening should increase with
spike amplitude. Fig. 5 shows composite spike profiles from
a cell with little spike "flattening" (top) and a cell with sub-
stantial spike "flattening" (middle). A quantitative parameter
10
10
FIGURE 4 Distribution of spike amplitudes and T in the population and
in selected single cells. (Top) Spike amplitude histogram of 16,431 spikes
in 353 cells. The smooth curve represents the nonlinear least squares best
fit to a log-normal model with a mean of 0.45 nrfu and a 2.15-fold standard
deviation. (Middle) Distributions of spike amplitudes in four selected single
cells plotted on the same abscissa as the population histogram, showing the
relative span of amplitudes in individual cells. (Bottom) Equation [2] was
applied to estimate T for 15,854 spikes in 353 cells, and the results were
plotted as a histogram. The smooth curve represents the nonlinear least
squares best fit to a log-normal model with a mean of 0.78 s and a 1.73-fold
standard deviation.
single cells occurred over only a portion of the entire range
observed in the population (data not shown). Both spike am-
plitude and spike kinetics remained stable for the duration
(150-700 s) of these observations.
Spike shape is a unique property of each cell
In the spike profiles shown in Fig. 2 (top) it can be observed
that many spikes were slightly "flattened" at their peaks, i.e.,
that early in the falling phase the rate of decrease was less
than would be predicted by a simple exponential decay
model. Spike flattening could arise from several sources.
First, saturation of Fluo-3 by high [Ca21]i could result in large
changes in [Ca2+]i at spike maxima with little or no fluo-
rescence change. Second, flattening could represent an ex-
perimental artifact introduced by the 0.3 s sampling rate, if
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FIGURE 5 Composite spike plots illustrating spike "flattening" and his-
togram of mean lag interval in a population of single cells. (Top) Composite
spike plot from a single cell with little "flattening." The thick line represents
the composite average spike profile. (Inset) The composite average spike
profile was numerically differentiated with respect to time, and dF/dt was
plotted as a function of time. (Middle) Composite spike plot from a single
cell with significant "flattening." The thick line represents the composite
average spike profile. (Inset) The composite average spike profile was nu-
merically differentiated with respect to time, and dF/dt was plotted as a
function of time. Lag interval was defined as the time required to recover
to the value of dF/dt at t = 0. (Bottom) Distribution of lag intervals in a
population of 353 untreated single cells.
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that describes the degree of spike "flattening" may be ob-
tained by numerically differentiating the falling phase of an
average spike profile and plotting the first derivative (dF/dt)
as a function of time (Fig. 5, insets). The average profile of
the first cell behaved like a simple exponential decay, in that
the first derivative increased smoothly from a negative value
toward 0. In contrast, the cell with "flattened" spikes showed
a lag of 1.5 s during which the first derivative decreased (see
boxed area, Fig. 5, middle inset) before increasing toward 0.
Using this method, lag intervals were evaluated for the 353
cells in our study. Fig. 5 (bottom) shows the distribution of
lag times among these cells. Significant correlation was ob-
served between lag interval and mean fall time (R2 = 0.41)
or mean T (R2 = 0.40, data not shown), whereas lag time was
poorly correlated with mean spike amplitude (R2 = 0.17, data
not shown). Further evidence for the lack of correlation be-
tween spike flattening and spike amplitude was obtained
from detailed study of composite spike profiles such as those
shown in Fig. 5 (middle). For each cell, individual calcium
spikes of all amplitudes shared a similar profile, and flat-
tening was therefore a cellular characteristic which affected
both low- and high-amplitude spikes. Finally, if spike flat-
tening were an experimental artifact introduced by discrete
sampling, then flattening (and "sharpening") should affect
spikes randomly, and should neither affect the average pro-
file obtained from many individual spikes nor produce lag
times in excess of 0.3 s. We conclude that the profiles of both
low- and high-amplitude spikes were a unique characteristic
of each individual cell, and were likely related to the activity
levels of CICR and/or calcium pumping mechanisms in each
cell. A unique cellular spike-decay profile or "calcium sig-
nature" has been described in several cell types, including
hepatocytes (Prentki et al., 1988) and insulinoma cells
(Rooney et al., 1989). It should be noted, however, that the
latter observations pertain to the relatively slow decay of
agonist-stimulated calcium spikes, as opposed to the rapid,
spontaneous spikes described in the present study.
Effects of buffering by Fluo-3
Calcium indicator dyes are strong calcium buffers that could
alter the nature of intracellular calcium events. We used sev-
eral approaches to examine the degree to which cellular
Fluo-3 content might have contributed to our observations.
First, we examined calcium spikes in cells loaded using
either 3 ptM Fluo-3 (14 cells, 1218 spikes) or 18 ,LM Fluo-3
(10 cells, 694 spikes) (c.f., the majority of cells in our study
were loaded using 9 ,uM Fluo-3). No significant differences
in mean spike amplitude, kinetics, or frequency were ob-
served between these test populations (data not shown). Sec-
ond, since the mean basal fluorescence value used to nor-
malize each fluorescence record should account for factor(s)
related to dye content, variation in spike parameters with the
normalization factor should indicate the degree of artifact
introduced by the Fluo-3 itself. We observed a weak but
significant negative correlation between the normalization
factor and mean spike amplitude (R2 = 0.18; data not
shown). Although the calcium dye Fura-2 has been shown to
accelerate the rate of calcium diffusion through Xenopus 0o-
cyte cytoplasm (Allbritton et al., 1992), we observed no sig-
nificant correlation between the normalization factor and any
kinetic parameter, including spike rise time, fall time, and T
(data not shown). High dye concentrations may therefore
have caused minor suppression of calcium spike amplitude,
probably through the buffering action of Fluo-3, but were
unlikely to have introduced artifacts into experimental mea-
surements of spike rise time, fall time, and T.
CONCLUSIONS
Although spontaneous rapid calcium fluctuations in GH4C1
cells may be initiated by action potentials (Schlegel et al.,
1987), the fluctuations evolve and decay with a time course
much slower than that of action potentials. We have used
statistical techniques to examine the relationships between
amplitudes and the kinetic properties of spontaneous spikes
in individual cells. Spike decay was best modeled as a bi-
phasic exponential, suggesting that at least two kinetically
distinct processes exist by which calcium is removed from
the cytoplasm. Furthermore, these processes were observed
to occur independently and simultaneously. The fast decay
time constant, T, increased with the spike amplitude, indi-
cating that some process, possibly CICR, prolonged spikes
in a calcium-dependent fashion. In a population of 353 cells,
the mean spike rise time and mean spike fall time were cor-
related independently of spike amplitude. These observa-
tions are consistent with a model in which an influx of cal-
cium accumulates transiently in small sub-plasmalemmal
domains, spreads through the cytosol by diffusion, and then
triggers CICR to an extent that varies substantially from cell
to cell.
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